In the synthesis of metallic nanoparticles in microemulsions, we hypothesized that particle size is mainly controlled by the reaction rate. Thus, the changes observed on the particle sizes as reaction conditions, such as concentrations, temperature, type of surfactant used, etc., are varied should not be correlated directly to the modification of those conditions but indirectly to the changes they produce on the reaction rates.
INTRODUCTION

Microemulsions
refers to droplets of oil dispersed in water [1] [2] [3] .
Since its formulation 4 , the synthesis of nanoparticles via microemulsions 5 has become a widely used technique 6 for the preparation of a diversity of nanoparticles. There are several reviews on the subject [7] [8] [9] [10] [11] [12] ; those by Tovstun et al. 6 and Ganguli et al. 12 are the most recent ones, both very comprehensive and easy to read. Among the particles that can be produced by this method, a great variety of precursors have been used to obtain metallic nanoparticles including nickel 13 , gold 14 , silver 15 , platinum 16 , and palladium 17 . We are particularly interested in the synthesis of Pd nanoparticles due to their physicochemical properties and the possibility of using them for catalytic purposes [18] [19] [20] . These properties are strongly related to the size and structure of the obtained nanoparticles; hence, studies on growth control and size distribution have received a great deal of attention in recent years [21] [22] [23] [24] [25] .
Although reverse microemulsions as nanoreactors have been used successfully to produce a number of nanostructures of different sizes and shapes 12, 26 , the role played by microemulsions in tailoring those structures is still unresolved. In the early days of the method, it was considered that the size of the particles obtained depended mainly on the size of the droplets in the microemulsion, the water pool acting as a template in defining the final size and the structure of the nanoparticle. However, it is not always possible to find a direct correlation between the size of the aqueous core of the droplets and the size of the synthesized nanoparticle 11 .
Other investigations have revealed that the control of size is a complex phenomenon, which involves mechanisms of chemical kinetics and mass transfer between the micelles 27 .
These mechanisms and, therefore, the final size of the nanoparticles would be affected by other control variables, such as the concentration of the reagents in the drops 28 , the amount of water 23 , the flexibility or rigidity of the surfactant film 29 , the capability of the surfactants/co-surfactants in protecting the particles against aggregation and coarsening, and even the autocatalytic growth processes 30 . Additionally, an important number of published works have experimentally and theoretically studied the effects of micellar exchange with respect to the kinetics of the formation and growth of nanoparticles [31] [32] [33] [34] . However, the literature on the experimental base is still scarce and the effect of intermicellar dynamics and control variables on the size of the particles is far from being understood. It is quite difficult to develop some general ideas about the synthesis of inorganic nanoparticles in reverse microemulsions from the "chaotic" amount of experimental results because of the huge number of parameters that influences the synthesis results 6, 21, 33, 35, 36 .
There is a lack of systematic studies on the impact of each parameter on the nanoparticle formation and properties in well controlled systems, particularly as regards experiments on the reaction kinetics inside microemulsions and its effect on particle size and morphology 36 . In most of the published works about the production of metallic nanoparticles in microemulsions, the kinetics of particle growths is commonly measured following the temporal evolution of the surface Plasmon Resonance in UV-vis spectroscopy. However, these dynamics include, if present, the processes of coalescence and coarsening of the particles superimposed to the kinetics of the chemical reaction. In this article, we study systematically the reaction kinetics of metallic nanoparticles of Palladium in reverse microemulsions. Palladium metallic nanoparticles do not present a Surface Plasmon resonance in the UV-vis region, but the palladium salt precursor used, PdCl4 -2 , has an adsorption peak at 425 nm, which allows us to follow the reaction kinetics without interferences of coalescence and coarsening. We focused our attention on the relationship between the initial reaction rates and the final particle size.
We changed the reaction rates by changing the reactant concentrations and temperature. A simple model is proposed in order to rationalize the experimental findings. This model predicts dependences of the reaction rates on the number and sizes of the microemulsions droplets, the total system, and water volumes and temperature. Some of these predictions were verified in the present work, some were observed on data published by other researchers, and some other ones will be explored in future work. We found a linear correlation between the initial reaction rates and the final particle size independently of the actual concentrations or temperature. In other words, for this particular system, the nanoparticle size depends indirectly on reactant concentrations and temperature via the reaction rate.
MATERIALS AND METHODS
Chemicals, main reaction and microemulsion preparations
Palladium(II) chloride (PdCl2), sodium borohydride (NaBH4), (n-Dodecyl) trimethylammonium bromide (DTAB), hydrochloric acid (HCl), n-octanol (C8H18O), and Benzene (C6H6) were used in the formulation of the microemulsions. All reagents were of analytical grade, and they were used directly without further purification. The water used to prepare the solutions was from Mili-Q ® ultrapure water purification system. , and disappears as the reaction advances to produce metallic Pd particles.
The mechanism of the reaction should be considered when discussing the kinetics of particle production in the following sections. In particular, we want to stress that the chemical reaction involved in the production of Pd particles consists of two reactions: the hydrolysis of the reducing agent that ends in a release of gaseous hydrogen 37 , NaBH4 + 2H2O  NaBO2 + 4H2 (1) and the reduction of palladium(II) ions (in HCl (aq)) by gaseous hydrogen
Due to the fast hydrolysis and the production of H2, all experiments of the reaction kinetics were performed with NaBH4 solutions freshly prepared: no more than 10 minutes elapsed between the preparation of the microemulsion with NaBH4 and its use in the reaction kinetics experiments. It is relevant to mention here that after about 2 hs, the NaBH4 aqueous solutions lost their capacity of acting as a reduction agent. This is a clear indication of the production of H2 in the hydrolysis.
Characterization Methods
The size of the micelles in the microemulsion was determined with the dynamic light scattering (DLS) technique by using a multi-angle Malvern auto-sizer 4700 system equipped with an OBIS laser (=514nm, 20 mW). Measurements of samples that were identical to the microemulsions used in the synthesis were made in order to verify the stability of the microemulsions.
As previously mentioned, the reaction kinetics was followed by time resolver UV-vis spectrometry after mixing two identical microemulsions: one containing the Pd ions and the other one containing the reduction agent. All the measurements were conducted in an Ocean Optics USB2000 miniature spectrophotometer with a measuring wavelength range of 200-800 nm. A quartz cuvette with an optical path of 1 cm was used.
The particle size distribution was performed manually from the digital analysis of the TEM images. A few drops of the "micellar" solution containing the palladium solid material were taken and deposited directly on carbon-coated copper grids specifically designed for microscopy. The samples were allowed to dry for 12 hours, and they were then analyzed using a JEOL-100CX II transmission electron microscope (TEM) operating at 100 kV and a FEI Talos 
RESULTS
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Reaction kinetics of the formation of metallic Pd nanoparticles.
As previously mentioned, the reaction kinetics in the formation of Pd particles was followed by UV-vis spectrophotometry. In the typical spectra shown in Additionally, it was found that the microemulsions containing the NaBH4 as a reducing agent do not absorb electromagnetic radiation in the range of 275 to 580 nm.
Therefore, the progress of the reaction can be followed by the variation of the absorbance of the palladium(II) ions during the reduction at the mentioned wavelength. This is shown in 
DISCUSSION.
On empirical bases, the initial reduction rate of the Pd(II) ions can be written as: In order to propose a possible reaction mechanism, let us stress some facts. The experimental observation that the reaction rate is first order for the reducing agent and zero order for the Pd salt could indicate that the reaction is controlled by the diffusion of the reduction agent, i.e. H2.
Because the ionic species, PdCl4 -2 , involved in the reaction could hardly be transferred through the oil phase 41 , let us assume then that they remain in the water pool of the microemulsion. Thus, the unique way of transferring PdCl4 -2 from one water pool to another is by collision and fusion of the micelles [42] [43] [44] [45] [46] [47] . The situation for H2 molecules is quite different; the solubility of H2 is four times larger in benzene than in water. We already mentioned that the reducing properties of the microemulsion containing NaBH4 disappear after 2 hs, which seems to indicate the transfer of H2 out of the water pool of the microemulsion. Thus, the evidence indicates that H2 can diffuse from one water pool to another through the continuous phase (oil). Now, recall that the microemulsion is stabilized with the cationic surfactant DTAB; the DTA+ ion can then interact with the oppositely charged ion PdCl4 -2 at the droplet interface. This possibility is supported by the experimental observation of the shifting of the absorption peak in the UV-vis spectroscopy from 425 to 340 nm when the ion PdCl4 -2 is placed into the microemulsion (see material section). Thus, we could think that the reaction occurs at the micelle interface. Based on all the previous comments, we propose the following reaction mechanism, schematized in Figure 6 .
Figure 6: Proposed reaction mechanism . The reaction would be mediated by the micelle interface in a three-step mechanism, being the diffusion of H2 the controlling step in the reaction kinetics.
We propose a three-step mechanism where the reaction is mediated by the micelle interface. The first step of the mechanism is an equilibrium with direct and inverse kinetic 
.
Note that the reaction rate law is of pseudo-first order in H2
and zero order in Pd precursor, as it was observed experimentally. The kinetic constant kD corresponds to the diffusion of H2, in the second step of the reaction mechanism into the micelles containing the Pd precursor; it can be expressed in terms of the diffusion coefficient, We can now make some estimations: the total volume, VT ,in our systems was always 2 ml, the water volume, VW = 50 l, and the micelles radius, r = 5 nm. In order to calculate kD (Eq. Note that when v0 scales as, 0~− 3 , the initial reaction rate should diminish with the micelle radius to the power 3, if keeping all the other parameters constant. This prediction is interesting; if we accept that the particle size and the size distribution are affected by the reaction rate, then Eq. (9) predicts changes on the particle size as the microemulsion size (r), changes. However, this is not due to the modification of the "nanoreactor" size acting as a template, but indirectly due to the reaction kinetics. In this way, the particle size is not a consequence of the reaction taking place in the confined water pool of the microemulsion ; then, it is not limited to the micelle size. This is a fact frequently observed 12 .
Finally, Equation ( 
Effect of Temperature on the Reaction Rates.
Equation (11) through the micelle membrane, it also incorporates all the effects due to the specific characteristics of the micelle surfactant/co-surfactant monolayer; thus, it should depend on the chemical system surfactant/co-surfactant and also on the oil phase used in the formulation of the microemulsion. All these predictions could be verified experimentally. As an example, the effect of temperature will be analyzed below.
Note that if r changes as T changes, its dependence on temperature, r(T), must also be added into Eq. (11). Thus, we need to know first the dependence of the microemulsion micelle size on temperature, r(T). Figure 9 shows the micelle diameter as measured by dynamic light scattering Introducing this dependence into Equation (11), and assuming an Arrhenius-like behavior for the effective diffusion coefficient, we can expect the following dependence of the initial reaction rate on temperature, Figure 8) ; however, because a is so small, an equally good (slightly less good) fit can be obtained by using just the Arrhenius-like equation, ln ( 0 )~− . In this case, Ea = 107 kJ/mol (25.5 Kcal/mol, which is a physically reasonable value 48 (see Figure 9 ). Nucleation, growth and size dependence.
As it was mentioned in the Introduction, our hypothesis is that the particle size depends directly on the reaction rate (and indirectly on concentration, temperature, water-surfactant ratios, etc.). In Figure 10 , we plotted the particle size measured by TEM microscopy as a function of the initial reaction rate, independently of the actual palladium precursor and reducing agent concentrations. A quite clear tendency can be observed: the lower the reaction rates, the larger the particle size and particle size polydispersity ( Figure 11 ). Let us remark here that the size is correlated with the reaction rate and not with the actual reactant concentration (or temperature) we can get the same initial reaction rates for different relations of Pd salt and NaBH4 concentrations (or different temperatures). 
and the particle size will depend on the micelle size, water and total volume, the reducing agent concentration and the effective diffusion constant through the micelle surfactant monolayer. At risk of being repetitive, we stress again that, in Equation 13 , the influence of the micelle size on particle sizes is not due to the confinement of the reaction within the walls of water pool of the micelles acting as a template; it is an indirect consequence of changes on the total diffusion area (Am), the number of micelles (N), and the distance (l) between adjacent micelles, all of them a function of the micelle radii (r).
As mentioned before, the size prediction depending on water and total volume was recently reported for the synthesis of (H3O)Y3F10 nanoparticles in microemulsions 23 . The effect of the concentration of the reducing agent on particle size predicted by our model was also observed in the synthesis of Pd particles in reverse microemulsions using AOT as surfactant 17 . Equation 13 also predicts an increase of particle size with temperature, Deff increases, which produces an increase of the initial reaction rate, and then an increase in particle size. This predicted behavior with temperature was also observed in the production of Ag particles in reverse microemulsions using NaBH4 as a reducing agent 50,51 .
The dependency of particle size on the reaction rate was introduced via the empirical law extracted from the results of Figure 10 . Thus, let us now discuss the process of nucleation and growth of the nanoparticles in reverse microemulsions in the context of nucleation and growth theories in solution 52, 53 .
One of the most well-known ideas from nucleogenesis theories is the explanation of the production of monodisperse colloids 54 . The classical nucleation theory predicts that the rate of nuclei production, dNu/dt, where Nu is the number of nucleus produced and t the time, yields
being  the interfacial tension, V the particle volume, R the supersaturation ratio, R=Sss/S0, Sss the actual concentration of atomic Pd, and S0 the equilibrium solubility limit of atomic Pd (Sss>S0). This equation indicates that the rate at which the particle nuclei is produced increases with the supersaturation ratio, being this ratio the controlling parameter. In our case, this depends on the reaction rate; if it is slow, the production of a few nuclei reduces appreciably the Pd concentration and relieves the supersaturation, resulting in a reduction of the rate of nucleation (Eq. 14). Consequently, by reducing the reaction rate, the period in which nucleation can occur is reduced in such a way that monodispersed particles result from the uniform growth of the existing nuclei. In this regime, a balance between the rate of production of metallic Pd and the removal by diffusion onto the nuclei is attained. These monodisperse particles would be protected by the microemulsion micelles, which avoids coalescence among them.
On the contrary, when the rate of reaction is high, the rate of production of Pd metallic atoms during the chemical reaction becomes so rapid that the supersaturation remains, and the nuclei are produced continuously while the existing nuclei grow. In this regime, the size of any given particle will depend upon when it was created. As a consequence, the particle size distribution broadens, becoming polydisperse (see Figure 5 ). This explains the increased polydispersity, but to explain the increase in the particle size as the reaction rate increases, it is necessary to include in the discussion the 
CONCLUSIONS
In this article, we presented a systematic study of the reaction kinetics of PdCl2 with NaBH4 for the production of metallic Pd nanoparticles in reverse microemulsions. Our work was based on the assumption that the reaction rate is the main factor controlling the final particle size. We choose this particular system to be studied because it allows us to follow the reaction rate by the consumption of one of the reactants, independently of the dynamics of the nanoparticle growth. On the basis of more than one hundred experiments, we found that the final particle size is well correlated with the initial reaction rate, and not directly correlated with parameters such as reactant concentrations or temperature. Those parameters effectively modify the final particle size, but indirectly by changing the reaction rates.
In order to explain the reaction kinetics in our systems, we departed from the commonly accepted view of considering the process of mixing the reactants by intermicellar exchange 9, 10, 45, 55, 56 : once the microemulsions containing the precursor and the reducing agent are mixed, the droplets collide, fuse, interchange the material and break apart again, being this process the unique way of producing the mixing of the reactants. In our system, we considered the possibility that the reducing agent diffuses out of the water pool into the continuous phase. This was based on three experimental facts:
first, NaBH4 in contact with water hydrolyzes to produce hydrogen; second, hydrogen is four times more soluble in benzene, the continuous phase, than in water; third, the capability of acting as a reducing agent of the NaBH4 disappears after 2 hs, which indicates that the H2 can effectively go out the water pools of the microemulsion.
Additionally, the reaction kinetics was experimentally found to be first order in NaBH4 and zero order in the precursor of palladium. This last experimental fact leads us to consider the possibility of having a reaction mechanism mediated by the micellar interface, which provides sites for the condensation of the precursor ions PdCl4 -2 . The simple model that emerges from all these observations, if even naïve, allows to explain some of the experimental findings, such as the dependence on the reactant concentration, the observed reaction orders and the influence of temperature on the reaction rates. It also predicts how the reaction rates depend on the micelle size, the water volume and the microemulsion total volume. We think that this model has the merit of predicting quantitatively how the micelle size affects indirectly the size of the particles without the need of considering the water pools as close templates. Some of these predictions were indeed observed in the production of nanoparticles in reverse microemulsions 17, 23, 50, 51 , and some others need to be verified experimentally. In this respect, we will work in the near future on how the reaction kinetics depends on the micelle radii, the water content and the total microemulsion volume. Recall that the model predicts, for this particular system, v0~r -3 ; v0~Vw will be studied as well. For that purpose, we will use different surfactants, co-surfactans and organic liquids in the formulation of the microemulsions but using the same model reaction, that is, the same reactants.
